Introduction
============

Non-small-cell lung cancer (NSCLC) is an aggressive and major type of lung cancer, accounting for approximately 85% of lung cancer cases.[@b1-ott-11-6249],[@b2-ott-11-6249] Most patients with NSCLC were first diagnosed in advanced stage, and the 5-year survival rate of NSCLC is still dismal at about 17%.[@b3-ott-11-6249] The clinical procedures for NSCLC include surgery, chemotherapy, and radiotherapy. Among these, platinum agent is the first-line chemodrugs combined with other cytotoxic agents, such as docetaxel and paclitaxel.[@b4-ott-11-6249],[@b5-ott-11-6249] However, due to frequent chemoresistance, the effective treatment remains a critical challenge.

G protein-coupled receptor 35 (GPR35), also known as CXCR8, a receptor of CXCL17, is identified during the genomic DNA screen.[@b6-ott-11-6249],[@b7-ott-11-6249] The gene *gpr35* is located in the chromosome 2q37.3, which was reported to be partially genomic loss in lung cancer.[@b8-ott-11-6249] The expression of GPR35 is found widely, especially in pancreas and small intestine.[@b9-ott-11-6249] However, GPR35 expression is relative low in stomach, kidney, and liver.[@b10-ott-11-6249] Because GPR35 belongs to the orphan G protein-coupled receptor (GPCR) family, the ligands and downstream effector have been investigated previously, and the therapeutic potential is revealed in immune, nervous, and cardiovascular systems.[@b11-ott-11-6249],[@b12-ott-11-6249] For instance, kynurenic acid is the first reported ligand and presents in many tissues, such as brain and colon, and agonism of GPR35 by kynurenic acid resulted in interleukin-4 suppression.[@b13-ott-11-6249],[@b14-ott-11-6249] Moreover, activation of GPR35 could promote the recruitment of β-arrestins and therefore, initiate the signal transduction.[@b15-ott-11-6249] Functionally, it is demonstrated that GPR35 mediates smooth muscle cell migration and endothelial cell proliferation.[@b16-ott-11-6249] GPR35 also induces hypoxia-inducible factor-1 alpha to regulate cellular processes.[@b17-ott-11-6249] Besides, GPR35 is identified as a susceptibility gene associated with chronic anthracycline-induced cardio-toxicity in pediatric cancer patients.[@b18-ott-11-6249] However, the role of GPR35 in lung cancer needs to be further elucidated.

Here, we disclosed that GPR35 was a key regulator in our established chemoresistance cell model. We initially found that the expression of GPR35 was significant in NSCLC tissues compared with that in adjacent nontumor tissues. High expression of GPR35 indicated shorter overall survival and progression-free survival. Furthermore, depletion of GPR35 could remarkably overcome chemoresistance both in vitro and in vivo. Mechanically, we indicated that GPR35/β-arrestin-2/Akt loop contributed to chemoresistance, implying that depletion of GPR35 or β-arrestin-2 or pharmaceutical inhibition of Akt might be a practicable approach for chemotherapy.

Materials and methods
=====================

Cell lines and reagents
-----------------------

Human lung cancer cell line A549 was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were routinely maintained in DMEM supplemented with 10% FBS and antibiotics. A549 doxorubicin (Dox)-resistant cells (A549R) were obtained by the following procedure: 2 µM Dox culturing for 1 month, then 4 µM Dox culturing for 2 weeks, 6 µM Dox culturing for 2 weeks, 10 µM Dox culturing for 2 weeks, and maintained in the medium containing 8 µM Dox. Cells were cultured at 37°C in a humidified atmosphere with 5% CO2. Dox, cisplatin, and LY294002 were obtained from Selleck Inc. (Shanghai, China).

Clinical samples
----------------

The study associated with clinical samples was approved by the ethics committee of The First Hospital of China Medical University. The NSCLC tissue microarrays (TMAs) were purchased form Xi'an Alenabio Inc. (Xi'an, China). The data from Gene Expression Omnibus (GEO) database were obtained from Oncomine ([www.oncomine.org](http://www.oncomine.org)).[@b19-ott-11-6249] The GEO datasets were GSE10072, GSE32863, GSE31210, and GSE19188.[@b20-ott-11-6249]--[@b23-ott-11-6249]

The prognosis data were obtained from K-M plot (<http://kmplot.com/analysis/>).[@b24-ott-11-6249] We used the latest updated vision including 1,926 cases of overall survival data and 982 cases of progression-free survival and we chose "auto select best cutoff" to analyze the prognosis value of GPR35.

siRNA transfection and lentivirus infection siRNAs targeting GPR35 and β-arrestin-2 were purchased from GenePharma (Shanghai, China). The sequences were as follows: GPR35, 5′-CCAAGCACUCAGCUCUCUAAU-3′, 5′-GCAGGUUCUGACCAAGAACAA-3′; β-arrestin-2, 5′-GGACCGCAAAGUGUUUGUG-3′, 5′-CCAACCU CAUUGAAUUUGA-3′. Cell transfection was performed using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) according to the manufacturer's protocol. To establish the stable GPR35 knocking down cells, cells were infected with lentivirus containing shRNA targeting GPR35 (GeneCopoeia, Guangzhou, China) combined with polybrene (5 µg/mL). Infected cells were selected by 2 µg/mL puromycin for 1 week.

Immunohistochemical staining (IHC)
----------------------------------

IHC was performed as described previously.[@b25-ott-11-6249] In brief, the slides were deparaffinized and rehydrated, then antigen retrieval was performed by citric acid buffer (pH 6.0) and heated by microwave. Peroxidase activity was blocked and incubated with primary antibodies against GPR35 (ab150635 from Abcam, Cambridge, UK) Ki67 overnight at 4°C. After washing with phosphate buffered solution with 0.1% Tween-20, the slides were incubated with secondary antibody for 30 minutes and reacted with diaminobenzidine under microscope and counterstained with hematoxylin. The primary antibody rabbit IgG was used as negative control.

To evaluate the expression of GPR35 in clinical samples, we performed semiquantitative scoring of the IHC staining, as described previously.[@b26-ott-11-6249] Briefly, the score of staining was calculated by positive intensity (0, 0%--15%; 1, 15%--50%; 2, 50%--70%; 3, \>70%) × ratio (0, low staining; 1, moderate staining; 2, high staining; 3, extremely high staining). A cutoff score larger than 4 was defined as high expression.

Cell viability assay
--------------------

In vitro cell drug sensitivity was determined by MTT assay. To determine the half maximal inhibitory concentration (IC50) of cells, the cells (10^4^ cells/well) were seeded into 96-wells plate, and then treated with gradient concentration of chemoagents for 48 hours. Twenty microliters of 5 mg/mL MTT was added into each well and incubated for 4 hours. The cell viability was detected by dimethyl sulfoxide (DMSO) resolving and measuring the OD at 570 nm.

Western blot
------------

Cells were harvested and lyzed in RIPA buffer containing protease and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). The total protein concentration was measured by bicinchoninic acid method. An equal amount of protein from each sample was loaded into 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. After 5% BSA blocking, primary antibodies were incubated at 4°C overnight. Then, the membranes were incubated with secondary antibodies and reacted with enhanced chemiluminescence detection solution. Results were normalized to β-actin. The primary antibodies used were as follows: anti-GPR35 (ab76217), anti-Bcl2 (ab32124), anti-p21 (ab109520), anti-bcl-xl (ab32370), and anti-β-arrestin-2 (ab54790), which were from Abcam. Anticleaved caspase 3 (\#9661), antiphosphorylated Akt (\#4060), antitotal Akt (\#2920), antiphosphorylated S6 (\#4858), anti-S6 (\#2317), and anticleaved PARP (\#5625) were from Cell Signaling Technology (Beverly, MA, USA).

Flow cytometry
--------------

Cell apoptosis was double stained by Annexin V/7AAD apoptosis kit according to the manufacture's protocol and performed on BD FACS Calibur. Cells with Annexin V positive stain were analyzed.

Mice study
----------

The mice experiments were approved by the committee of China Medical University and conducted in accordance with the Guideline of the Care and Use of Laboratory Animals in China Medical University. To measure the in vivo chemoresistance effect, we performed A549R cells derived from xenograft tumor analysis; 3×10^6^ indicated cells were subcutaneously injected into the fight flank of 6- to 7-week-old male nude mice. When the average tumor volume reached 50 mm^3^, the mice were intraperitone-ally injected with cisplatin (5 mg/kg/week) or DMSO to stimulate chemotherapy. Tumor size was measured every 3 days and calculated by the formula (length×width^2^/2). After treatment for 3 weeks, in the day 24, the mice were sacrificed and the tumors were fixed in 10% formalin solution, paraffin-embedded, and then sectioned successively for IHC. To determine the tumor cell proliferation in vivo, staining with Ki67 was performed.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS 21.0 (IBM Corporation, Armonk, NY, USA) and visualized by GraphPad Prism 5. In vitro data were presented as mean±standard error of the mean (SEM) from at least three independent experiments. Difference between experimental groups was tested by Student's *t*-test or one-way ANOVA with two tails. The Mann--Whitney test with two tails was used to measure the difference between normal tissues group and tumor group of GPR35 IHC staining. Survival curves were measured by Kaplan--Meier method with log-rank test. A *P*-value \<0.05 was considered statistically significant.

Results
=======

Expression of GPR35 in NSCLC
----------------------------

To investigate the expression pattern of GPR35 in NSCLC tissues, we explored the GEO database and found that GPR35 was significantly upregulated in tumor tissues compared with normal tissues in four independent cohorts ([Figure 1A--D](#f1-ott-11-6249){ref-type="fig"}). To further confirm these findings, we purchased a commercial NSCLC TMA. Besides NSCLC tissues, 50 normal lung epithelial tissue spots were found. We performed IHC to detect the expression of GPR35 in clinical samples. As shown in [Figure 1E](#f1-ott-11-6249){ref-type="fig"}, GPR35 was mostly located in the cytoplasm and membrane of cells. By quantifi-cation of the IHC staining, we noticed that the expression of GPR35 was significantly high in tumor tissues ([Figure 1F](#f1-ott-11-6249){ref-type="fig"}). Furthermore, we found that high expression of GPR35 was associated with poor prognosis ([Figure 1G](#f1-ott-11-6249){ref-type="fig"}) and shorter progression-free survival ([Figure 1H](#f1-ott-11-6249){ref-type="fig"}), according to the K-M plot analysis. Taken together, the results indicated that GPR35 might act as an oncogene in NSCLC and associate with increased relapse.

Increased GPR35 expression in chemoresistant NSCLC cells
--------------------------------------------------------

To study the function of GPR35, we generated in vitro chemoresistant model using A549 NSCLC cell. A549-resistant cells (A549R) were established by exposing cells to increased concentration of Dox. As shown in [Figure 2A](#f2-ott-11-6249){ref-type="fig"}, compared with parental cells, A549R cells exhibited an increased resistance to Dox. We performed colony formation assay and found that A549R cells could still grow and suffer long-term chemotreatment, while parental cells were mostly dead ([Figure 2B](#f2-ott-11-6249){ref-type="fig"}). In view of the crucial role of GPR35, we found that under Dox treatment, expression of GPR35 was higher in A549R cells than in A549 cells, as well as the expression of Bcl-2, Bcl-xl ([Figure 2C](#f2-ott-11-6249){ref-type="fig"}), suggesting that antiapoptotic proteins were upregulated and A549R cells were resistant to chemotherapy and the apoptosis rate of A549R cells were less than control cells. Then, we knocked down GPR35 in A549R cells and treated with Dox and Cis; the results indicated that IC50 was increased and A549R cells restored sensitivity to chemodrugs ([Figure 2D and E](#f2-ott-11-6249){ref-type="fig"}). In addition, we detected the cell apoptosis rate and found that depletion of GPR35 increased cellular apoptosis rate, and when treated with Dox or Cis, cell apoptosis was elevated significantly ([Figure 2F](#f2-ott-11-6249){ref-type="fig"}). The Western blot showed similar results. Knocking down of GPR35 was verified, and we noticed that cleaved caspase 3 and cleaved PARP were increased, indicating that knocking down of GPR35 elevated cell apoptosis ([Figure 2G](#f2-ott-11-6249){ref-type="fig"}).

Knocking down of GPR35 abrogates cisplatin resistance in vivo
-------------------------------------------------------------

We next evaluated the effects of knocking down of GPR35 in vivo. Nude mice bearing A549R or A549-GPR35 knockdown cell xenografts were treated with cisplatin to stimulate the chemotreatment. The tumor growth of A549R xenografts followed by the cisplatin treatment showed a weak inhibition, as we demonstrated in vitro experiments. On the contrary, knocking down of GPR35 could partially suppress the tumor growth. When combined with chemotreatment, the suppression effect was significantly enhanced ([Figure 3A](#f3-ott-11-6249){ref-type="fig"}). The tumor growth was examined every 3 days ([Figure 3B](#f3-ott-11-6249){ref-type="fig"}) and the tumor weights were examined ([Figure 3C](#f3-ott-11-6249){ref-type="fig"}). Of note, the IHC staining results of Ki67, a marker of cell proliferation, also indicated that combination of GPR35 depletion and cisplatin remarkably inhibited tumor cell growth ([Figure 3D and E](#f3-ott-11-6249){ref-type="fig"}).

GPR35 regulates chemoresistance via β-arrestin-2/Akt loop
---------------------------------------------------------

GPR35 could activate β-arrestins and has been demonstrated to have the tumorigenesis role, so we explored the mechanism of GPR35-mediated chemoresistance. GPR35 knockdown considerably reduced the expression of β-arrestin-2 and the activation state of Akt signaling ([Figure 4A](#f4-ott-11-6249){ref-type="fig"}). Indeed, GPR35 activation could recruit β-arrestin-2. However, our results indicated that GPR35 also regulated β-arrestin-2 expression. More importantly, knocking down of β-arrestin-2 in A549R cells led to the suppression of GPR35 ([Figure 4B](#f4-ott-11-6249){ref-type="fig"}). Furthermore, inhibition of Akt signal using LY294002 markedly decreased GPR35 and β-arrestin-2 expression ([Figure 4C](#f4-ott-11-6249){ref-type="fig"}). We hypothesized that there was a regulation loop of GPR35/β-arrestin-2/Akt. Then, we ectopically expressed GPR35 in A549 cells, and we noticed that β-arrestin-2 as well as phosphor-AKT were elevated ([Figure 4D](#f4-ott-11-6249){ref-type="fig"}). Subsequently, we knocked down β-arrestin-2 and treated cells with Dox and Cis and found that cell apoptosis rate was elevated ([Figure 4E](#f4-ott-11-6249){ref-type="fig"}). Furthermore, combination of LY294002 and chemodrugs significantly induced the cell apoptosis as well ([Figure 4F](#f4-ott-11-6249){ref-type="fig"}). Taken together, the results led to a regulatory loop mediating chemoresistance of NSCLC.

Discussion
==========

The chemoresistance and relapse are the major causes of NSCLC treatment failure and contributors to poor prognosis.[@b27-ott-11-6249] However, the mechanisms of chemoresistance in the progression of NSCLC are poorly characterized. In the present study, we showed that elevated expression of GPR35 enhanced the chemoresistant ability of NSCLC cells. In addition, interrupting GPR35/β-arrestin-2/Akt loop could partially restore the sensitivity. These results may further elucidate how GPR35 promotes the progression of NSCLC.

In the current study, we observed that GPR35 was predominantly expressed in NSCLC tissues both in mRNA and protein levels. More importantly, high expression of GPR35 was significantly associated with poor prognosis. Therefore, GPR35 might have oncogenesis role in NSCLC. Previous reports indicated that GPR35 was also overexpressed in many types of cancers, such as breast cancer and gastric cancer.[@b28-ott-11-6249] Furthermore, we established in vitro A549 cell model of Dox toxicity resistance. In this regard, GPR35 was upregulated in the A549R cells, which is related to the high expression of β-arrestin-2 and activation of Akt signal. It has been demonstrated that β-arrestin-2 could upregulate MDR1 and related genes, leading to multidrug resistance in breast cancer cells.[@b29-ott-11-6249] Moreover, we noticed that β-arrestin-2 also activated Akt signal, and it has been mentioned in dopamine receptor signaling before.[@b30-ott-11-6249] Consistent with these findings, our data showed that either knocking down of β-arrestin-2 or using Akt inhibitor could suppress GPR35 expression and abrogate GPR35-mediated chemoresistance. Whether the antagonist of GPR35 has similar effect needs to be further explored.

As GPR35 is recognized as an orphan GPCR receptor, its agonists and antagonist were identified in many studies. However, their effects on cancer needed further investigation. For example, pamoic acid, an agonist of GPR35, could recruit β-arrestin-2 and activate extracellular signal-regulated kinase 1/2 (ERK1/2) signaling and promote tumorigenesis.[@b11-ott-11-6249] Contradictorily, several agonists may also have anticancer effect. It is reported that aspirin metabolites, salicyluric acid, targets GPR35 and might contribute to the cancer-preventive effect of Aspirin.[@b31-ott-11-6249] Kynurenic acid enhanced the expression of p21 Waf1/Cip1 in colon cancer HT-29 cells, leading to cell proliferation inhibition.[@b32-ott-11-6249] Together with our findings, more studies should be done to demonstrate the mechanism of GPR35 in tumorigenesis and treatment.

Here, our data suggested that GPR35/β-arrestin-2/Akt loop contributed to the cancer cell chemoresistance. Recent study using genome-wide Crisprcas9 activation screen has shown that GPR35 was involved in BRAF inhibitor resistance.[@b33-ott-11-6249] Collectively, it suggested that GPR35 may potentiate a broad-spectrum resistance to chemodrugs. Besides, GPR35 activation also enhances cAMP production, intracellular Ca^2+^ concentration, and ERK phosphorylation as well,[@b34-ott-11-6249],[@b35-ott-11-6249] which are also related with chemoresistance.

In summary, our study revealed an important role of GPR35 in NSCLC chemoresistance. Furthermore, targeting the GPR35/β-arrestin-2/Akt signal may serve as a potential therapeutic approach to decrease chemoresistance and improve patient's survival.
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![GRP35 is overexpressed in NSCLC tissues and associated with poor prognosis.\
**Notes:** The expression of GRP35 according to public Gene Expression Omnibus database in Okayama's cohort (**A**), Landi's cohort (**B**), Selamat's cohort (**C**), and Hou's cohort (**D**). (**E**) The expression of GPR35 in NSCLC tissue microarray by IHC. Magnification, 200×. (**F**) The semiquantitative score of GPR35 staining in normal and tumor tissues. Kaplan--Meier analysis of the GPR35 expression in NSCLC overall survival (**G**) and progression-free survival (**H**).\
**Abbreviation:** NSCLC, non-small-cell lung cancer.](ott-11-6249Fig1){#f1-ott-11-6249}

![GPR35 is critical for NSCLC cells chemoresistance.\
**Notes:** (**A**) The effect of Dox in A549 and A549R cells. IC50 was measured by treating with gradient concentration of Dox for 48 hours. (**B**) The colony formation assay of A549 and A549R cells with Dox treatment. (**C**) Indicated proteins were measured in A549 and A549R cells. β-actin was internal control. A549R cells with knocking down of GRP35 and control cells were treated with gradient concentration of Dox and Cis for 48 hours. The cell viability (**D**) and the IC50 values (**E**) were showed. (**F**) Knocking down of GPR35 increased cell apoptosis in A549R cells both with and without Dox or Cis treatment. (**G**) A549R cells with knocking down of GRP35 and control cells were treated with Dox and the apoptosis markers cleaved PARP and cleaved caspase 3 proteins were measured. \**P*\<0.05, compared with con group; ^\#^*P*\<0.05, compared with con+siRNA group; ^\#\#^*P*\<0.01, compared with con+siRNA group.\
**Abbreviations:** con, control; NSCLC, non-small-cell lung cancer; Dox, doxorubicin; Cis, cisplatin; NC, negative control.](ott-11-6249Fig2){#f2-ott-11-6249}

![GPR35 depletion restores the sensitivity of A549R cells to chemodrug in vivo.\
**Notes:** (**A**) A549R cells and A549R with GPR35 knocking down cell-derived xenografts were treated with Cis (5 mg/kg/week) or DMSO. The tumor is shown. (**B**) The tumor volume of each group during the treatment. (**C**) The tumor weight of each group. (**D**) The Ki67 staining of tumor sections from each group. Magnification: 200×. (**E**) The statistics of Ki67-positive cells in each group. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with con group.\
**Abbreviations:** Cis, cisplatin; con, control; DMSO, dimethyl sulfoxide.](ott-11-6249Fig3){#f3-ott-11-6249}

![Regulation of GPR35 in NSCLC chemoresistant cells.\
**Notes:** (**A**) Knocking down of GPR35 suppressed β-arrestin-2 (indicated as β-arr) expression and Akt signal activation. (**B**) Knocking down of β-arrestin-2 (si-arr) suppressed GPR35 expression and Akt signal activation. (**C**) Akt signal inhibitor suppressed GPR35 and β-arrestin-2 expression. (**D**) Overexpression of GPR35 in A549 cells enhances the expression of β-arrestin-2 and activates Akt signaling. Knocking down of β-arrestin-2 (**E**) or using Akt signal inhibitor (**F**) in A549R cells increased the apoptosis when treated with Dox or Cis. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with control+drugs group.\
**Abbreviations:** Dox, doxorubicin; Cis, cisplatin; NC, negative control.](ott-11-6249Fig4){#f4-ott-11-6249}
